Abstract: Infrared absorbance is investigated in gold-black, a porous nano-structured conducting film. A two level full factorial optimization study with evaporation-chamber pressure, boat current, substrate temperature, and degree of polymer infusion (for hardening) was performed. Polymer infusion was found generally to reduce absorbance in the long wave IR but has little effect at THz wavelengths, although for samples with the highest absorbance there is a slight improvement in the absorbance figure of merit (FOM) in both wavelength regimes. The characteristic length scales of the structured films vary considerably as a function of deposition parameters, but the IR FOM is found to be weakly correlated with these distributions, which are determined by wavelet analysis of scanning electron micrographs.
Introduction
Metal-black is a nano-structured conducting film that has been exploited as a broad-band surface absorber for bolometers [1] [2] [3] . This paper considers the effect of hardening a gold-black film via polymer infusion and the potential correlation of IR absorption to the characteristic length scales of the films. We have employed a full factorial approach whereby factors affecting the optical properties of the films are varied all together, as opposed to one-at-a-time experiments where one factor is varied while the others are held constant. Responses were measured for the film produced from each experiment and statistically significant interaction terms were calculated. Response surfaces were generated in order to find maxima and minima within the factor space. Additionally, wavelet analysis was employed to establish a relationship between characteristic morphological length scales of the films and a figure of merit related to the optical absorbance. We emphasize the long wave infrared and the underutilized far-IR, or THz, spectral regions.
Metal blacks have been investigated for their optical properties since the 1930's [4] . Pfund deposited metal-blacks on nitrocellulose films in an environment of nitrogen or air. Harris studied gold-black films from the late 1940's into the 1960's [5] [6] [7] [8] [9] . The films were prepared similarly to Pfund's (deposited on thin membranes of cellulose nitrate in a partial atmosphere of nitrogen), with emphasis on the pressure of nitrogen and the evaporation rate as prime factors determining the morphology of the films. Optical properties were studied by Harris from the wavelength range of 3 to 15 microns [5] , and later from 15 to 110 microns [8] . Deposition by evaporation in an inert gas at tenths to tens of Torr has followed the method of Harris with little change. Attempts to link particle size and packing fraction to pressure at He pressures between 1 and 20 Torr [1, 2] have been carried out using this methodology. Investigation of gold-black films containing small percentages of copper [10] revealed that loading samples in the chamber in a high humidity environment lead to a decrease in absorbance. Becker, Fettig, and Ruppel [11] studied the electrical conductivity of gold-black films extensively in order to correlate the electrical properties with the optical properties.
One objective of this work was to develop a mechanically stable absorber for an innovative MEMS-based bolometric infrared imaging array detector with high frame rates. Metal blacks are produced in a low-vacuum process, resulting in a porous nano-structured metallic film having a broad particle-size distribution. The morphology depends on the pressure of the inert gas in the evaporation chamber, the deposition rate, and the temperature of the substrate [5] . A correlation between the absorptivity of gold black and the resistivity of the thin films has been exploited [11] to verify the expected properties of as-grown films. Here the possibility of a correlation between absorption and the particle size distribution is investigated.
This paper presents a number of approaches that are innovative. It appears to be the first use of wavelet analysis on SEM (scanning electron microscope) images of gold black in order to quantify particle length-scale distributions. It appears to be the first attempt to harden the usually fragile gold-black films by polymer infusion. It appears also to be the first use of the structured statistical approach to the design of experiments, known as the two-level full factorial method, for optimizing the absorbance of gold-black films.
Experiment
Gold-black films were produced by thermal evaporation in an inert gas, either nitrogen or helium. Double-side polished silicon substrates, two per deposition for different characterization techniques, were mounted on a copper plate attached to a thermoelectric cooler (TEC), which is attached to a water-cooled copper heat sink, allowing temperature control of the substrate. Molybdenum boats with a trough of dimensions 12 mm×5 mm×1 mm deep were filled with a 1.5 cm length of 0.813 mm diameter 99.9% pure gold wire for each deposition. The chamber is pumped to below 10 -4 Torr, at which point~1Torr of inert gas is introduced. The deposition is then completed with an evaporation current specific to each experiment. Deposition continued until the boat was visibly empty. The films are sufficiently thin, approximately 50 nm, to allow some transmission of an optical beam. Polymer infusion by cyanoacrylate fuming on the deposited gold-black samples with a process similar to that described in Ref. [12] . A standard cup warmer was allowed to reach maximum temperature inside an enclosed fume chamber. The sample was mounted above the cup warmer at a height of 4 inches. Small aluminum foil boats with 0.69 mL of cyanoacrylate were placed on the heated warmer to begin the fuming process.
Initial screening experiments determined the parameters of interest and their useful ranges, resulting in samples designated series "A" and series "B" [13] . Then, a two level full factorial optimization scheme [14] , including polymer infusion, was followed to determine the conditions that produce maximum absorbance, giving samples in a series labeled "C". The protocol is the most statistically sound and economical approach to optimization when underlying physics is poorly understood [14] . Parameters chosen to be varied were He pressure, evaporation current, and substrate temperature. Each parameter took one of two values. In addition, after characterizing these samples, the polymer infusion was completed with two different fuming times. With 4 parameters, there are 2 4 (Table 1 ) was set up so that every combination of parameter values in the scheme is completed in random order to avoid systematic errors. The location in parameter space that optimized the films (as characterized by a figure of merit to be defined) and correlations between parameters are then discovered. Table 1 gives all characterized Au-black samples with corresponding experimental conditions. The low and high values for P are 1 and 2 Torr, for T are 40° and 60° F, for I are 52 and 56 amps, and for polymer infusion are 1 and 2 h. Sample C02 was destroyed before it could be measured. Its conditions were duplicated in another sample.
Infrared absorption was determined from transmittance and reflectance spectra collected using a BOMEM DA8 Fourier transform spectrometer. Resources were angle of incidence was referenced to a gold-coated silicon substrate. The figure of merit (FOM) was defined as 1-T-R, a measure of absorbance. It is not exactly the same as absorbance, however, since the reflectance was not at normal incidence. To determine the effect of the polymer infusion on IR absorbance, the spectra where measured on the 1st set of 20 gold-black samples pre-and post-polymer infusion. SEM images were collected on the 2nd set of 20 gold-black samples, which did not undergo polymer infusion. A discrete wavelet analysis was performed on each image using a Morlet wavelet [15, 16] . The wavelet transform was calculated for each row of each image. The wavelet transform provides a map of the power present at all wavelengths at different regions of the image, or in this case at different locations within each image row. The wavelet power was integrated along the image row and power for all rows was summed since there is interest in the overall wavelength power distribution, not spatial variations within the images. The amplitude of the wavelet spectrum is in arbitrary units.
Results

Effects of Pressure, Temperature and Current
Infrared FOM was determined at 150 and 600 cm -1 wavenumbers, corresponding roughly to the THz and long wave IR (LWIR) bands. The results are summarized in Fig. 1 . The samples are numbered as presented in Table 1 . The FOM values at 150 and 600 cm -1 are strongly correlated. The samples with highest FOM are indicated in bold in Table 1 . From these data, a full factorial process was completed on all samples before polymer infusion. From these full factorial results using FOM as a response factor, the evaporation current is found to be the most significant factor followed by substrate temperature and the temperature-current interaction at 150 cm -1 . At 600 cm -1 , these factors are similarly significant while the pressure-current interaction also becomes significant. The results indicate the lower current setting, or hence lower deposition rate, gives higher absorbance at both wavelengths. The initial substrate temperature appears to have a moderate effect on the absorbance, but it was determined that the small window between high and low settings give inconclusive results on this effect. The high and low pressure settings used here appear to have little effect on the absorbance. The full-factorial analysis shows some curvature, although this appears to be insignificant.
Effect of Polymer Infusion
Fig. 1 reveals a tendency for polymer infusion to reduce the FOM at 600 cm -1 . However, this is less significant at 150 cm -1 . For the samples with highest FOM there is a tendency for polymer infusion to increase the figure of merit slightly. for C04 and C09 with 50 micron field of view. The wavelet power spectrum is characterized by a series of over lapping peaks. The upper wavelength cutoff is determined by the maximum dimension of the image. For two images with the same magnification, the lower limit is a quantitative measure of the minimum characteristic length scale in the image. We define the minimum characteristic length scale as the point where the power is half the maximum value. Fig. 4 plots FOM values at THz and LWIR wavelengths as a function of the minimum length scale from the wavelet analysis of images with 50 micron FOV. At each wavelength, the FOM values appear in roughly two groups. Within each group there is no clear correlation between FOM and length scale. However considering both groups simultaneously, there appears to be a slight tendency for the high FOM points to be clustered at low length scale and vice versa. In other words, there may be a tendency for samples with smaller length scales to give higher absorbance.
Effect of Particle Length-Scale Distribution
The full factorial approach is now applied using the minimum characteristic length scale as a response factor (pre polymer infusion as before). The most significant factor is found again to be the evaporation current with the current-pressure interaction also playing a large role. The next largest factor is the interaction effect between the three deposition parameters. This full factorial indicates that lower evaporation current could lead to small length scales, which may also indicate higher absorbance as Fig. 4 shows.
Conclusions
The gold black film absorbance at long-wave IR and far-IR wavelengths is improved by slow depositions, or smaller evaporation current. The initial substrate temperatures may have an effect on IR absorbance, but the limited window between settings makes this result inconclusive. Weak dependence was found on the pressure within the range where these gold-black films are formed.
Hardening of gold-black by polymer infusion lowers the LWIR absorbance somewhat, but there is little effect in the THz spectral range. This suggests that the hardening process is particularly well suited for far-IR detector coatings.
The characteristic minimum length scale of gold-black clusters in the structured films varies considerably as a function of deposition parameters. A smaller minimum length scale of gold-black clusters appears to indicate a higher possibility for higher IR absorbance. As with the absorbance measurements, smaller length scales may be achieved by slower deposition.
